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Abstract: The study of open quantum systems is important for fundamen-
tal issues of quantum physics as well as for technological applications such
as quantum information processing. The interaction of a quantum system
with it’s environment is usually detrimental for the quantum properties of
the system and leads to decoherence. However, sometimes a coherent partial
exchange of information takes place between the system and the environ-
ment and the dynamics of the open system becomes non-Markovian. In
this article we study discrete open quantum system dynamics where single
evolution step consist of local unitary transformation on the open system
followed by a coupling unitary between the system and the environment.
We implement experimentally a local control protocol for controlling the
transition from Markovian to non-Markovian dynamics.
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1. Introduction
Whenever quantum system is not perfectly isolated (up to experimental accuracy) it has to
be treated as an open system [1]. The description of the open system dynamics is based on
a family of completely positive and trace preserving maps (CPT), so called dynamical maps,
governing the evolution of the state of the open system as ρ 7→ ρ ′ = Φρ [2]. Dynamical maps
are a standard tool to describe dechorence and dissipation phenomena. If the family of dy-
namical maps has semi-group property then its properties and structure are well known. The
generator of the quantum dynamical semigroup in time continuous case is the famous Gorini-
Kossakowski-Sudarshan-Lindbald (GKSL) master equation [3, 4] which is the workhorse of the
open quantum systems research [5]. Open systems falling into a category where their dynamics
can be described with quantum dynamical semigroup are called Markovian [6].
In general the dynamical map is less structured, meaning the dynamical map may not neces-
sarily be divisible, not even with positive maps [7]. Recently due to efforts to quantify quantum
non-Markovianity [8–15] and technological advances [16–19], non-Markovian quantum pro-
cesses have become a central topic in the study of open quantum systems. As a matter of fact,
there exists different notions of quantum non-Markovianity where the key concepts include
the breakdown of divisibility of the map. In general, reliastic quantum systems interact and
exchange information with the environment. The engineering of the decoherence and flow of
information between an open quantum system and its environment is the key to control the
transition from Markovian dynamics to a regime with quantum memory effects
It is well known that by using dynamical decoupling techniques, where fast pulses are ap-
plied to the open system locally, the environmental effects may be eliminated [20–22]. This is
one form of quantum control where in general controls are applied to the system of interest in
order to minimize or maximize some objective functional [23–28]. Usually, the transition from
Markovian to non-Markovian dynamics is related to strong coupling between the open system
and the environment or complex spectra of the environment. In this work we report on exper-
imental results regarding to the transition from Markovian to non-Markovian dynamics using
local controls on open system coupled to a Markovian structureless environment. Our approach
bears resemblance to the dynamical decoupling since we assume that the local control acts in-
stantaniously but on the other hand we do not apply the control operations in rapid succession.
Our goal is to transform the free evolution between local controls to be non-Markovian.
2. Theory
We conduct our experiments with single photons. The polarization states of the photon |H〉, |V 〉
form a qubit and the frequency degree of freedom acts as an environment for the qubit. We
prepare the initial state of the photon to be either |H,ω〉 or |V,ω〉. The frequency distribution of
the photon χ(ω,ω)≡ |χ(ω)|2 is well described with a single Gaussian with standard deviation
σ . The spectral distribution is centered around the laser wavelength λ0. Local control operations
are unitaries acting only on the polarization degrees of freedom, they are implemented by half-
wave plates described by the following unitary
Cη =η
1
2σz +(1−η) 12σx, (1)
where η is controlled by the tilt angle and Pauli matrices σi are written in the polarization
basis. For each η we choose, the corresponding angle of the half-wave plate is given by ϕη =
1/2arccos(η
1
2 ). Simple theoretical model for the quartz plate is given by the following unitary
coupling the qubit and the environment Hilbert spaces
Uδ t = ∑
k=H,V
∫
dωexp(inkωδ t)|k〉〈k|⊗ |ω〉〈ω|, (2)
where δ t is the interaction time of the photon with the environment and ∆n = nH − nV =
0.008995 is the difference of the polarization dependent indices of refraction. Interaction time
δ t is related to the quartz plate thickness by L = cδ t, where c is the speed of light. We express
the interaction time of each of the quartz plates in terms of effective path difference ∆L =∆nL in
the units of λ0. Total unitary, or operating unit, corresponding to a single step is now described
as Ui ≡Uδ ti(Cηi ⊗1E). The dynamical map can be written as
Φn(ρ0) =trE
{
U (n)(ρ0⊗χ)U †(n)
}
, (3)
where U (n) =∏ni=1 Uδ ti(Cηi ⊗1E). Non-Markovianity is detected by the temporal increase of
distinguishability between the quantum states. Distinguishability between two quantum states
ρ1,ρ2 is defined as D(ρ1,ρ2) = 12 ||ρ1−ρ2|| where || · ||1 is the trace norm. Distinguishability
is a monotonically decreasing function under positively divisible quantum dynamical maps
[9]. We take this to be our definition of non-Markovianity. If we define the increment of the
trace distance evolution as ∆1,2(n) = D(ρ1(n),ρ2(n))−D(ρ1(n−1),ρ2(n−1)), where ρi(n) is
Φn(ρi(0)), we obtain a measure for non-Markovianity asN (n) = maxρ1,2(0)∑∆1,2(n)>0∆1,2(n).
A lower bound for the measure is obtained just with a single pair that shows non-monotonic
distinguishability evolution. In this experiment the initial state pairs were taken to be ρ1(0) =
|H〉〈H| and ρ2(0) = |V 〉〈V |. We know from earlier studies that when frequency distribution is
a single Gaussian it will lead to Markovian dynamics without local control [16, 29]. The above
theoretical model includes the local control of the open system and also the interplay of the local
controls and the correlations between the open system and the environment. Specifically we can
explain how by adding suitable local control we can control the transition from Markovian to
non-Markovian dynamics even for “Markovian” environment. This should be contrasted with
a phenomenological approach where one adds the local control Hamiltonian to the the GKSL
master equation. Such a master equation can not clearly be responsible for the increase of the
trace distance.
3. Experiment
The experimental setup is shown in Fig. 1. A femtosecond pulse (with a duration of about
150 fs, the operation wavelength at λ0 = 800 nm and with a repetition rate of about 76 MHz)
generated from a Ti sapphire laser is used to generate arbitrary pure qubit states. The full width
at half maximum (FWHM) of the laser is 6 nm and the laser was attenuated in order to neglect
the two-photon coincidences. The photon states are initialized by PBS1 and the first half-wave
plate into |H〉〈H| and |V 〉〈V |. We also use PBS2 together with the last half-wave plate and the
quarter-wave plate for tomography. The environment is characterized by a single Gaussian peak
with standard deviation σ = 2.55 nm. We use a half-wave plate and a quartz plate to realize the
unitary control and decoherence which, when combined, is called a single operating unit U1. In
a single experiment, we have 20 sets of units from U1 to U20 with the same angle of the HWPs
(with respect to the optical axis) and the same thickness of the quartz plates. We can control
the dephasing strength with the thickness of the quartz plate and have two different thichnesses
at our disposal: 7.111 mm and 10.667 mm. We can choose which local control we implement
by choosing the angle of the HWPs. We use five different angles ϕη : 9◦, 18◦, 22.5◦, 28◦, and
33◦, corresponding to five different values of η : 0.9045, 0.6545, 0.5000, 0.3127 and 0.1654,
respectively.
Fig. 1. The experimental setup. Key to the components: HWP–half-wave plate, QP–quartz
plate, QWP–quarter-wave plate, PBS–polarizing beam splitter and SPD–single photon de-
tector. The laser was attenuated into single photon states and initialised by PBS1 and the
first half-wave plate into |H〉〈H| and |V 〉〈V |. After 20 steps of local control and interac-
tions with the environment implemented by half-wave plates and quartz plates, the states
are finally analysed by a quarter-wave plate, a half-wave plate and PBS2.
4. Result
The effect of the pure dephasing unitary of Eq. (2) without local control onto the open system
is to shrink the Bloch sphere towards the z-axis along the directions parallel to x,y-plane, given
our choice of initial environment state. Whenever 0≤ η < 1 the local control Cη is not diagonal
in the H,V -basis and thus the effect of the local control is non-trivial. We also note that if η = 0
spin echo occurs in the open system dynamics, ie. a perfect recovery of the initial state after of
even number steps.
First results show what is the effect of the interaction time for fixed local control (ηi =η = 12 )
and for equally thick quartz plates at every step. In Figs. 2, 3 we have plotted the dynamics of
the trace distance for initial qubit state pair |H〉 and |V 〉 and the associated lower bound on the
non-Markovianity. One can see from Fig. 2 how the longer interaction time is causing more
dephasing during the initial step. This is easy to understand because for the first step the effect
of the local control is just to rotate the initial states and the dephasing dynamics then moves
both initial states towards the z-axis, hence making them less distinguishable. One should also
note that the η = 12 rotates both initial states on the equator of the Bloch sphere and since the
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Fig. 2. Trace distance dynamics for two different quartz plate thicknesses ∆L for param-
eters ∆n = 0.008995, FWHM = 6 nm, λ = 800 nm and η = 0.5. Initial state pair is |H〉,
|V 〉. Filled markers are for experimental results and empty markers are for numerical sim-
ulations.
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Fig. 3. Non-Markovianity for two different quartz plate thicknesses ∆L for parameters ∆n=
0.008995, FWHM = 6 nm, λ = 800 nm and η = 0.5. Initial state pair is |H〉, |V 〉. Filled
markers are for experimental results and empty markers are from numerical simulations.
states are pure the distance parallel to the x,y-plane from the surface of the Bloch sphere to
the z-axis is maximal. After the second step the local control starts to have an effect on the
correlation build-up between the system and the environment. From Fig. 2 we can see that the
more we dephase on the first step, the stronger the non-Markovianity is, Fig. 3. Interestingly the
values of maximums of the trace distance values coincide but the minimas do not for ∆L = 80λ
and ∆L = 120λ . This means that for these cases the local control sets an upper bound on how
well distinguishability can be restored. On the other hand, the dephasing strength sets a lower
bound how indistinguishable states can become under the dynamics.
Next we study the effects of the η while keeping other parameters fixed but still keeping the
quartz plate thickness and η uniform trough the whole experiment. We have plotted the trace
distance dynamics on Fig. 4 and the associated non-Markovianity measure on Fig. 5. We have
kept the initial state pair as before. Whenever η 6= 12 the distance parallel to x,y-plane from the
surface of the Bloch sphere to the z-axis is not maximal after the first local control operation.
This can be seen from Fig. 4 where the decrease of the trace distance after the first step is
maximal for η = 12 and for the used initial state pair. When η = 1 theoretical model predicts
Markovian dynamics. The behavior of the trace distance is in accordance with this finding since
the structure becomes less oscillating as η is increasing. For η < 0.9045 the behavior of trace
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Fig. 4. Trace distance dynamics for different values of η for parameters ∆n = 0.008995,
FWHM = 6 nm, λ = 800 nm and ∆L = 120λ . Initial state pair is |H〉, |V 〉. Filled markers
are for the experimental data and empty markers are for the theoretical calculation.
distance dynamics is periodic with a period of four. This is in accordance with our experimental
results. Also, when η = 0 then the trace distance dynamics should have a period of two. We
can see that for η = 0.1654 the periodicity is not so clear anymore, for example the first two
minimas are two steps apart (n = 1, n = 3). The dynamics in all of the cases is non-Markovian
as can be seen from Fig. 4. When the units Ui are chosen uniformly ie. Ui = U , we verified
numerically that in the large step number limit the open system dynamcis approaches a steady
state logarithmically. The steady state is given by a statistical mixture that is diagonal in the
eigenbasis of the local control Ci =C.
5. Conclusions
We show that using local control only on the open system it is possible to control the transition
from Markovian to non-Markovian dynamics. From the point of view of quantum control our
work shows that it is necessary to consider the control problems in terms of the full open
system and environment picture since the controlled dynamics might not be Markovian even
for Markovian environment. In the sight of open quantum system’s research we show that the
influence of the system-environment correlations can be controlled locally leading also to the
control of amount of memory effects. Indeed, by locally rotating the quantum state we can
engineer non-Markovian quantum evolution.
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Fig. 5. Non-Markovianity for different values of η for parameters ∆n = 0.008995, FWHM
= 6 nm, λ = 800 nm and ∆L = 120λ . Initial state pair is |H〉, |V 〉. Filled markers are for
the experimental data and empty markers are for the theoretical calculation.
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